Several yeast species/isolates belonging to the genus Saccharomyces were examined for the organization of their mtDNAs and ability to generate petite mutants. A general characteristic for all of the mtDNAs tested was that they were very A+T-rich. However, restriction patterns and inducibility of petite mutations revealed a great diversity in the organization and genetic behaviour of mtDNAs. One group of yeasts, Saccharomyces sensu stricto, contains mtDNA ranging in size from 64 to 85 kb. mtDNAs from these yeasts contain a high number of restriction sites that are recognized by the enzymes Haelll and Mspl, which cut specifically in G+C clusters. There are three to nine o r i h p sequences per genome. These yeasts spontaneously generate respiration deficient mutants. Ethidium bromide (Et-Br), a t low concentrations, induces a majority of cells to give rise to petites. A second group of yeasts, Saccharomyces sensu lato, contains smaller mtDNAs, ranging in size from 23 to 48 kb, and probably only a f e w intergenic G+C clusters and no ori/rep sequences. These yeasts also generate petite clones spontaneously, but Et-Br, even when present a t high concentrations, does not substantially increase the frequency of petites. In most petite clones from these yeasts only a small fragment of the wild-type molecule is retained and apparently multiplied. A third group, represented by Saccharomyces kluyveri, does not give rise to petite mutants either spontaneously or after induction.
INTRODUCTION
A remarkable aspect of mitochondrial genomes of all organisms is that they contain a very similar set of genes. On the other hand, mtDNA molecules among diverse species are highly variable in size and organization (5, 36) . The yeast Saccharomyces cerevisiae has played the central role in studies of mtDNA heredity (for reviews, see 9, 28). This is due mainly to the property that this yeast is a facultative anaerobe; i.e. it can survive without active mitochondria. The average cell of S. cerevisiae contains as many as 50 mtDNA molecules, but the number varies with the genotype and physiological conditions (for a review, see 14) . mtDNA of S. cerevisiae is characterized by a very low G + C content (1 8 mol YO), and clustering of G + C -and A+T-rich regions (37) . Most methods of preparation yielded exclusively linear molecules, but mapping and sequencing of the genome showed that the genetic map of mtDNA is circular (9). The 'long' version of the genome, containing additional introns and intergenic sequences, is 85 kb in size and the 'short' version is 74 kb (37) . Genes represent less than one-fifth of the mtDNA molecule, the rest consists of introns and intergenic sequences. The intergenic regions represent about two-thirds of mtDNA and consist of repetitive A + T-rich spacers and short sequences with a G + C content greater than 50 mol YO, so-called G + C clusters. Approximately 200 A + T spacers with a mean size of 190 bp represent 00704 0 1998 IUMS almost half of the genome, and they are usually separated from each other by over 200 G + C clusters (38) . A large fraction of G + C clusters contains recognition sites for restriction enzymes splitting target sequences which contain only G and C residues, i.e.
HaeIII and HpaIIIMspI (38) . A special class of G + C clusters are orilrep sequences which are about 300 bp long and are present in eight copies scattered around the genome (4, 40) . G + C clusters can be grouped into eight families which presumably originated from a proto-G+ C cluster (38) . Therefore, mtDNA contains a variety of short duplications which potentially can be involved in intramolecular recombination.
S. cerevisiae spontaneously produces mutants, petites, which are deficient in the ability to respire aerobically. The spontaneous frequency is about 1 %, but upon induction with chemical mutagens, e.g. ethidium bromide (Et-Br), all cells may give rise to petites (for reviews, see 2, 13, 14) . The petite phenotype is correlated with gross alterations, extensive deletions or loss of mtDNA (2) . These deletions may be accompanied by reiteration of the remaining wild-type segments, so that some petite mutants contain the same amount of mtDNA as wild-type strains (2, 33) . The sequences involved in excision of petite mtDNA are short direct repeats located in the A + T spacers and G + C clusters (8, 39). Therefore, the intergenic sequences are directly involved in destabilization of the mitochondrial genome. Once a petite mtDNA molecule is generated, it may gain exclusive representation in a daughter cell.
The majority of spontaneous petite mtDNA molecules exhibit a high transmission capacity in genetic crosses. In crosses with wild-type strains, such petites give a substantial proportion of petite progeny (for a review, see 14) . A heteroplasmic cell, containing two different types of mtDNA molecules, eventually produces offspring that are homoplasmic and contain only one type of mtDNA. Homoplasmic daughter cells can be found after just four generations, suggesting that transmission is an active process (14) . Apparently, G + C clusters, especially the orilrep sequences, represent active elements which facilitate transmission of a particular mtDNA molecule (4, 25, 40) . However, the overall structure of mtDNA also seems to be important in transmission (1 1, 26, 3 1).
Previously, it was not known whether the observations on the structure and genetic stability of mtDNA of S. cerevisiae could be extrapolated to other closely related yeasts. The genus Saccharomyces can be divided into two major groups: sensu strict0 (including S. cerevisiae) and sensu Zato (1, 20) . In the present study the type strain and some additional isolates of all currently recognized species of the genus Saccharomyces were examined with regard to some characteristics of their mtDNA and their ability to generate petites. Apparently, at least three categories with differing organization and genetic stability of mtDNA exist in this genus. One has mtDNA larger than 64 kb, contains G + C clusters and is highly inducible for petite generation. The second category contains mtDNA molecules with fewer than 50 kb and is less inducible for petite generation. The third category is represented by a single petite-negative member. mtDNA isolation. For isolation of DNA, a culture was pregrown in YPD medium (2 YO glucose, 0.5 YO yeast extract, 1.0% peptone) and then grown overnight in GlyYP (2% glycerol, 0.5% yeast extract, 1.0% peptone) at 25 "C. Spheroplasts were prepared using zymolyase and lysed with SDS. mtDNA was separated from the other DNA using a bisbenzimide-CsC1 gradient (27) . At least two bands appeared in the gradient and they were tested for crosshybridization with the S. cerevisiae mitochondrial probes. When the bands were poorly resolved, the upper fraction was isolated and re-subjected to centrifugation in a CsCl gradient.
METHODS
DNA techniques. mtDNA was digested with various restriction enzymes, and DNA fragments were separated by electrophoresis in 0.8-1.2 % agarose gels. Lambda DNA digested with various restriction enzymes was used as the size marker. The size of mtDNA was calculated from several independent digestions using at least five different restriction enzymes. DNA was transferred from gels to Hybond-N+ (Amersham) membranes under alkaline conditions. Hybridization was performed at 55 "C with radioactive probes prepared by the random priming method. The following probes were used : plasmids carrying S. cerevisiae mitochondrial LrRNA or SrRNA genes (obtained from H. Fukuhara, Orsay, France) and petite mtDNA carrying the S. cerevisiae oril sequence (3). These mitochondrial probes helped to distinguish mtDNA from other DNA bands present in the CsCl gradient.
G + C content. The G + C content of mtDNA was determined using CsCl buoyant density centrifugation. Pure mtDNA, isolated from a CsCl gradient was mixed with purified nuclear DNA from S. cerevisiae and run again in the ultracentrifuge. The G + C contents of non-S. cerevisiae mtDNAs were determined using S . cerevisiae nuclear (40 mol YO G + C) and mtDNA (1 8 mol % G + C) as standards (37) . It was assumed that the density of mtDNA in a band can be determined from a linear function of its distance from the bands of both standards (21). An error of this method has been estimated to be kO.5 mol% of the G + C content. G + C clusters. If the sequence of nucleotides is completely random the number of sites for any particular restriction enzyme can be predicted. In the case of ' G + C-cutters', i.e., HaeIII and MspIIHpaII, which contain four bases in the target site, the following equation can be used :
Number of sites = number of base pairs
However, in S. cerevisiae a wide discrepancy between the observed and the predicted numbers of sites of HaeIII and HpaII (MspI) exists, because of clustering of G and C residues.
Spontaneous petite mutations. The spontaneous frequency of petites was determined by plating yeast cultures on the medium containing a limiting amount of a fermentable carbon source. Yeasts pre-grown in YPD were diluted and plated on GGlyYP (2 % glycerol, 0.1 YO glucose, 0-5 YO yeast extract, 1 % peptone and 1.5% agar). After a few days of growth, the frequency of small colonies, putative petite mutants, was determined. These colonies were examined for growth on GlyYP and tested for respiratory potential using the tetrazolium method (22). mtDNA was isolated from some of the non-respiratory colonies and examined with several restriction enzymes.
Induced petite mutations. The induction of petites by treatment with Et-Br was studied. Various amounts of Et-Br were added to exponentially growing yeast cells in YPD, and growth was continued for an additional 8 h. During this period cells should normally divide three or four times. If a petite mutation was induced at the beginnimg of the treatment, it could have segregated into a homoplasmic clone by the end of the treatment. Heteroplasmic cells containing a mix of wild-type and petite mtDNA at the time of plating, would generate colonies which contained respiration-competent and -deficient cells. Such colonies would in part respire, and they would be scored as respiration-competent. Following the Et-Br treatment the cells were washed and plated on the GGlyYP medium. After several days the frequency of petites was determined.
RESULTS AND DISCUSSION mtDNA molecules vary in size
When total DNA from different yeast isolates was separated on a CsCl gradient, at least two distinct bands appeared. The positions of these bands in the gradients varied slightly and, in addition, the distance between them was variable. The pattern with two bands resembled the pattern known in S . cerevisiae where the upper band represents mtDNA and the lower one nuclear DNA (for a review, see 9). The upper band from various yeast isolates always gave a positive reaction when hybridized to the S. cerevisiae mitochondrial gene probes. The lower band, which was stronger in intensity, did not hybridize to the S. cerevisiae mitochondrial probes, and it presumably represented nuclear DNA (data not shown). Some- times, with DNA from S. exiguus, S. servazzii and S. unisporus, three DNA bands appeared in CsCl gradients. The two upper bands were located close to each other and they both hybridized to the S. cerevisiae mtDNA probes. The basis for the existence of double mtDNA bands is not understood; perhaps it reflects the presence of two or more different physical forms of the mtDNA molecule. In further studies to determine the size, restriction pattern and G + C content, only the upper of these two mtDNA bands was investigated.
When various mtDNAs were digested by different restriction enzymes, almost all of the tested isolates provided a specific restriction pattern. If the restriction enzyme cut several times, species/isolate-specific restriction fingerprints resulted (Figs 1 and 2 ). However, in the cases of (i) S. bayanus and S. uvarum, and (ii) S. carlsbergensis, S. monacensis and S . pastorianus, respectively, the patterns were identical or quite similar ( Fig. 1 and 2 ). Obviously, mtDNA molecules which showed similarities in restriction patterns are related, and the present results could indicate that the yeasts yielding similar patterns belong to the same or closely related species (Figs 1 and 2 ). These results are in J. Piskur and others agreement with the previous observations on these isolates (1, 20).
The most striking observation, when the restriction pattern from various yeast isolates was compared, was that the number of restriction fragments varied substantially (Figs 1 and 2) . Thus, the size of mtDNAs among these yeasts is different. The total size of mtDNA was determined by at least five restriction enzymes used in various combinations (data not shown). A group of yeasts belonging to the senm stricto group showed the size of mtDNA above 64 kb (Table 1 ). The observed sizes in S. bayanus, S. carlsbergensis, S. monacensis, S. pastorianus, S. paradoxus and S. uvarum are very similar to the sizes previously reported for S. cerevisiae and S. douglasii (34, 37) . On the other hand, isolates belonging to the sensu lato group, had smaller mtDNA molecules below 50 kb (Table 1 ). In the case of S. exiguus and S. castellii the sizes found were only 23 kb and 26 kb, respectively. Thus, the proportion of DNA in intergenic sequences in these two species must be drastically lower than that in the sensu stricto group. S. servazzii and S. unisporus have the same size mtDNA, namely 29 kb, which is only slightly larger than that of S. castellii and S. Figs 1 and 2 ). In conclusion, a great heterogeneity with regard to size and organization of mtDNA exists within the genus Saccharomyces. The mtDNA molecules were examined further to determine other physical characteristics.
G + C content, G + C clusters and orilrep
The G + C / A + T ratios of mtDNA molecules were determined using CsCl gradients and S. cerevisiae mtDNA and nuclear DNA as standards. The G + C content of yeasts belonging to the sensu stricto group is 18 mol% or less, while sensu lato yeasts have a slightly higher G + C content, ranging from 19 to 24.5 mol% ( Table 2) . As mentioned above, in a few cases, S. exiguus, S. servazzii and S. unisporus, two bands containing mtDNA sometimes appeared in the CsCl gradient. In this case only the G + C content of the upper band was determined and is shown in Table 2 .
There is a clear tendency in all members of the genus Saccharomyces for mtDNA to exhibit a very low G + C content (Table 2) . Some other yeasts, for example Pachytichospora transvaalensis, have a much higher G + C content (6). Thus, a general mechanism which ensures a very low G + C content in the mtDNA molecule must exist in the genus Saacharomyces.
G and C residues could be dispersed randomly in the genome or clustered as is the case with the S. cerevisiae mtDNA molecule. In S. cerevisiae a majority of these G + C clusters contain motifs which are recognized by G + C-cutting restriction enzymes. The isolated mtDNA molecules were examined for the presence of HaeIII and MspI restriction sites (Figs 1 and 2) . In general, the patterns obtained could be divided into two groups: sensu stricto yeasts gave 25 or more restriction fragments, and sensu lato yeasts below 20 (Figs 1 and 2) . On the basis of the sizes and G + C contents of the various mtDNAs, it was possible to calculate the number of restriction sites for molecules with a random distribution of G and C residues (Table  2) . It should be noted that for mtDNAs of the sensu stricto group it was difficult to determine the precise number of fragments, because some were too small or they overlapped with others on the gels. In the group of sensu stricto yeasts the predicted number of fragments is three or four (Table 2) , and this is about one order of magnitude lower than the observed number of sites (Figs 1 and 2) . The numbers of orilrep sequences occurring in these yeasts were also estimated (Table 1) . S. cerevisiae has eight orilrep sequences which exhibit some sequence polymorphism (12). When S. cerevisiae mtDNA was digested with different restriction enzymes, up to eight different restriction fragments in some digests gave a positive signal with In sensu lato yeasts the genome organization, so far as G + C clusters are concerned, seems to be different from sensu stricto yeasts. While the genome size was smaller than that of the sensu stricto group, a similar number of HaeIII or MspI sites was predicted for sensu lato yeasts, because of a slightly higher G + C content (Table 2) . In contrast to the sensu stricto group, the discrepancy between the predicted and observed HaeIII and MspI sites is substantially smaller than in the sensu lato group. The obtained number of restriction fragments is only one to two and a half times higher than the number predicted on the basis of randomness. Thus, the distribution of G and C residues is likely to be more random in yeasts of the sensu lato group than of the sensu stricto group. Furthermore, in contrast to yeasts of the sensu stricto group, the sensu lato yeasts did not yield any signal with the orilrep probe (Table 1) . Therefore, two classes of mtDNA exist among yeasts belonging to the genus Saccharomyces. The sensu stricto group has a larger mtDNA molecule with abundant G + C clusters recognized by HaeIII and MspI, and orilrep sequences, while mtDNA of the sensu lato group is smaller, lacks orilrep sequences, and apparently does not contain an extensive number of G + C clusters with HaeIII and MspI sites.
In S. cerevisiae, G + C clusters are involved in genetic instability of mtDNA through the promotion of the physical generation of petite mtDNA molecules and their enhanced transmission (28). Therefore, the two groups of yeasts, with different organizations of their mtDNA, were compared for their ability to generate petite mtDNA molecules.
Genetic stability of mtDNA
When stationary cultures of different yeast isolates were plated onto medium with a limited concentration of glucose (GGlyYP) in all cases except one large and small colonies appeared. These small colonies could not grow on glycerol medium, but could grow on the glucose medium. The smaller colonies, when transferred to plates containing tetrazolium remained colourless, indicative of their inability to respire aerobically. The frequency of the respiration deficient colonies varied from 0 in S . kluyveri to 6.7% in S. uvarum ( Table 3 ). The mtDNA of several mutants was then examined. In some of the petite mutants mtDNA was not detected at all, either by analysis of total DNA with a molecular probe or by running a CsCl gradient (data not shown). Apparently, these mutants were rhoo. However, a majority of respiratory-deficient colonies still yielded distinctive mtDNA bands in CsCl gradients, and these bands varied in intensity and position (data not shown). A few mtDNA molecules from the non-respiring strains of various species were subjected to restriction analysis. When restriction patterns were compared with those of the respective wild-type strains of the corresponding species, most of the fragments characteristic for the wild-type mtDNA molecules were missing from the patterns of the mutants (data not shown). Usually, only a very limited number of restriction sites was retained in petite mtDNA. The mutant analysed in Fig. 3 retained only three restriction sites. When this mtDNA was cut with any of these three restriction enzymes, a fragment of about 1 kb was obtained. Thus, only a short segment of wild-type mtDNA was retained in the mutant (Fig.  3 ). This observation is in accord with the characteristics of S . cerevisiae petite mtDNA where a short segment is multiplied to reach a similar size to that of Mitochondria1 genomes of Saccharomyces yeasts is not a simple function of the size and organization of the mtDNA molecules (Tables 1 and 3) .
When a mitochondria1 mutant is induced in S. cerevisiae, it takes about 8 h growth in a rich medium to obtain the first homoplasmic clones (14) . This segregation process can be studied as induction of petites with ethidium bromide (Et-Br) (16, 33) . When S. cerevisiae was treated with Et-Br, practically all colonies turned into petites after 8 h growth at a very low concentration of Et-Br (Table 3) . Such a high inducibility was also found among all yeasts belonging to the sensu stricto group (Table 3) . At higher concentrations of Et-Br almost all colonies turned into petites, and at concentrations above 50 mg 1-1 the cells did not survive the treatment.
Inducibility of petites in the sensu lato yeasts exhibited a different pattern from that of sensu stricto yeasts (Table 3) . After attempted induction with sublethal concentrations of Et-Br (50 mg 1-1 and below), a majority of cells were found to be respiration-competent. The frequency of petites was only moderately elevated, i.e. for S. castellii the highest frequency obtained upon induction was about fourfold higher than the spontaneous frequency (Table 3) . By comparison, in sensu stricto yeasts the frequency of petites at equal concentrations of Et-Br reached 100%. Concentrations above 50 mg 1-1 were lethal for sensu lato yeasts as they were for S. cerevisiae. When the exposure to Et-Br was prolonged from 8 to 20 h at concentrations of 25-50 mg Et-Br l-', the frequency of petites increased and passed 50% in all sensu lato yeasts, except for S. kluyveri (data not shown).
In the case of S. kluyveri no petites could be induced. Even after prolonged growth at 50 mg Et-Br l-l, all surviving colonies were respiration-competent. On the basis of the above experiments (Table 3 ) the yeasts belonging to the genus Saccharomyces could be divided into three groups: (i) highly inducible yeasts of the sensu stricto group, (ii) moderately inducible yeasts of the sensu lato group, and (iii) S. kluyveri which is a petite-negative yeast. the wild-type mtDNA molecule (2, 33) . Petite mtDNA molecules, characterized by extensive deletions, were found in all tested species from the sensu stricto as well as sensu lato groups, but not in S. kluyveri. It is of interest to note that the observed frequency of petites
Origin of the modern mtDNA molecules
The genus Saccharomyces at present contains ten recognized species (1, 20) , but only in one of them, S. cerevisiae, has the nuclear genome been thoroughly characterized (for a review, see 15). Karyotypes of some other species have been partially characterized (24, 3 9 , and partial sequences of nuclear rRNA genes have been determined (18, 20) . The data on mtDNA molecules have previously been limited to some isolates of S. cerevisiae (for a review, see 37) , and single isolates of S. douglasii (34) , S. exiguus (7) and S. kluyveri (23).
In the literature it is also possible to find some characterization of the yeast strain, NCYC74, which was incorrectly designated as S. carlsbergensis (29, 32 When mtDNA isolated from various Saccharomyces yeasts was digested with various restriction enzymes unique restriction patterns were observed for each isolate (Figs 1 and 2 ). It is interesting to stress that in S. cerevisiae HaeIII and MspI cut predominantly in the intergenic sequences which are more variable among various strains than the coding regions (37) . When several isolates of S. cerevisiae were compared for their HaeIII and MspI restriction patterns, only about 50 % of the bands were identical (25, 32) . Thus, polymorphism can be expected among different isolates belonging to the same species. When different species were analysed, HaeIII and MspI generated specific finger print patterns which could be used for identification and classification of the same, as well as related isolates/species (Figs 1 and 2 ). Among isolates belonging to the sensu stricto group of yeasts similar restriction patterns were observed in a few cases and in general they confirmed previous molecular comparisons (20, 24) . A similar restriction pattern was observed in S. carlsbergensis, S. monacensis and S. pastorianus (Figs 1 and 2 ), which implies that these mtDNA molecules have a common origin. S. carlsbergensis and S. pastorianus have previously been described as hybrid yeasts which were generated by an interspecific fusion/cross between two different yeasts (19, 20) . One of the parental strains in this 'fusion/ cross' was S. cerevisiae, and S. monacensis was suggested as the second one (17, 24) . It is interesting to point out that both sets of parental chromosomes are present in the case of nuclear DNA (19), while only the non-S. cerevisiae mtDNA can be found in S. carlsbergensis/S. pastorianus (Figs 1 and 2 ). This mtDNA contains a similar number of ori/rep sequences to S. bayanus, S. monacensis and S. uvarum (Table 2) . Presumably, S. pastorianuslcarlsbergensis inherited mtDNA only from the non-S. cerevisiae parent. However, only further characterization of these isolates will provide more insight into the origin of the above hybrids.
The sensu lato yeasts contain smaller mtDNA molecules which do not contain an excess of HaeIII and MspI restriction sites (Table 1 ). This group shows more variability regarding the size of mtDNA than the sensu stricto group. Also the restriction patterns of the senm lato group differ widely (Figs 1 and 2 ). The size of the mtDNA varies from 23 kb in S. exiguus, which apparently does not contain extensive intergenic sequences, to 48 kb in S. dairensis and 49 kb in S. kluyveri (Table 1 ). The latter two yeasts are not closely related (18, 20 cerevisiae some of the G + C clusters, especially orilrep, are actively involved in transmission of mtDNA to progeny (4, 25, 40) . In this way certain G + C clusters may be actively preserved in mitochondrial genomes.
However, although fewer G + C clusters are present in the sensu lato group, this does not stabilize their mtDNA against spontaneous generation of petite mtDNA molecules (Fig. 3) . Spontaneous respirationdeficient mutants were found at high frequency in all isolates, except S. kluyveri (Table 3 , Fig. 3 ). This yeast behaves as a petite-negative even upon strong induction with Et-Br. This characteristic, which distinguishes S. kluyveri from the rest of the Saccharomyces yeasts, is supported by other observations (20, 35) which also suggest that this yeast should belong to a separate genus. Some other genera, i.e. Kluyveromyces, Zygosaccharomyces and Torulaspora, which are close relatives of Saccharomyces, also seem to be petitenegative (data not shown). Thus, it seems that the petite-positive character evolved specifically in the progenitor of the sensu lato and sensu stricto yeasts after separation from S. kluyveri and other related genera.
In conclusion, the following evolutionary development of the mitochondrial genome in the Saccharomyces yeasts is proposed. The mtDNA molecule in the progenitor of the Saccharomyces yeasts was relatively small and genetically stable, and this yeast was petitenegative. The petite-positive character evolved after the sensu lato and sensu stricto yeasts had separated from S. kluyveri. Later, the origin of the sensu stricto group and its separation from the sensu Zato group coincided with the appearance of various mitochondrial G + C-rich clusters, including orilrep. These biologically active sequences have conributed markedly to the further evolution of the size and genetic instability of the sensu stricto mitochondrial genome.
